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The redox interaction between 02’- and ferritin cannot solely be regarded as a Fe(I1) release reaction. We demonstrate that native copper bound 
to horse spleen ferritin and apoferritin. stimulated the decay of O,‘- in a catalytic reaction. Copper was determmed by atomic absorption 
spectrophotometry. Decay of 02’- was monitored spectrophotometrically as the decrease m (A250-A360) at pH 9.5. The catalytic effect was linearly 
related to the copper content of the protein. Ferrttm copper was less efficient than equimolar CuC&. and iron-poor ferritin was more efficient than 
iron-rich ferritin. The results support a direct antioxidant function of ferrnin. 
Ferritin; Superoxide; Copper: Catalysis 
1. INTRODUCTION 
The major function of ferritin is sequestration and 
storage of iron in the cell. Iron is temporarily deposited 
as hydrous Fe(II1) oxide phosphate microcrystals 
within the central cavity of the protein. The iron core 
may contain up to 4500 Fe(II1) atoms [1,2]. 
There is substantial evidence from in vitro studies 
that low-M, redox active substances can interact with 
the iron core and cause release of Fe(I1) from ferritin [3]. 
Some studies have shown that 02*- can do this [4-61, 
and therefore ferritin has been suggested as a source of 
catalytic iron for the Haber-Weiss reaction resulting in 
enhanced production of free radicals and oxidative 
damage of the cells [7-91. In this respect, ferritin can be 
regarded to have pro-oxidant properties. 
toxic amounts of free iron [15,16], seems to be rein- 
forced by its ability also to perform SOD activity. One 
way to explain the catalytic mechanism, is to postulate 
a cycling redox reaction of iron in situ initiated and 
maintained by O,‘- [13]. On the other hand, a few stud- 
ies have demonstrated that ferritin contains tiny 
amounts of copper [10,17.18]. Copper both in its ionic 
form [19] and bound to ligands such as Cu,Zn-SOD or 
chemicals [20.21] is capable of stimulating the dismuta- 
tion of O,‘-. It was therefore of interest to clarify the 
role of copper in the catalytic breakdown of Oz’- by 
ferritin. In the present paper we show that ferritin con- 
tains native copper, and demonstrate the importance of 
ferritin- bound copper for the stimulated decay of Oz.-. 
On the other hand, reductive release of iron from 
ferritin by O;- has been shown to be very limited [lo]. 
Also, in the studies of iron release the use of a powerful, 
non-physiological chelator might disturb the thermody- 
namic equilibrium of the system and give erroneous 
results [11,12]. By omitting the chelator and instead 
measure the rate of decay of O,‘- in the absence and 
presence of ferritin, we were able to show that ferritin 
stimulated the decay of O,‘-, and that the number of 
O,‘- molecules which were degraded by ferritin, was in 
great incongruity with the low number of Fe(I1) atoms 
which were released [ 131. Together with the kinetic char- 
acteristics of the reaction [14], this indicates that the 
stimulated decay of O,‘- was caused by a catalytic effect 
of ferritin. Thus, the antioxidant properties of ferritin 
exerted by its competency to prevent accumulation of 
2. EXPERIMENTAL 
2.1. Materials 
Correspondence address’ R.J. Ulvik, Laboratory of Clinical Biochem- 
istry, University of Bergen. Haukeland Hospital, N-5021 Bergen, Nor- 
way. Fax: (47) (5) 97 3115. 
Catalase (EC 1 .l 1.1.6) (from bovine liver, thymol-free), bovine al- 
bumin. 2-amino-2-methyl-1-propanol and ceruloplasmin (bovme) 
were from Sigma Chemical Co (St. Louis, MO, USA). Ferritin 
(equine spleen. highly purified, 2 x crystallized with less than 0.001% 
Cd(H)) was obtained from Calbiochem Corp., La Jolla. CA. USA. It 
had an average iron content of 800 Fe/molecule. Horse spleen apofer- 
ritin. which was purchased both from Sigma and from Calbiochem, 
contained no detectable iron. Ferritin with a definite iron/protein ratio 
was obtamed by fractionating native ferritm on a linear sucrose gradr- 
ent [22]. 
Chelex-100 (200400 mesh) was from Btorad. Richmond, CA. USA, 
and KO, was from Fluka AC, Buchs, Switzerland. KOz is a reactive 
reagent which should be handled very carefully. Accidental explosive 
reactions were avoided by keeping small volumes of KO, solutions m 
polystyrene test-tubes. Spilled KO, material was immediately removed 
and left-over material was diluted in abundant water. 
Other chemicals were of the highest purity commercially available. 
Water was purified in the Milli-Q Water Purification System from 
Millipore Corp., Bedford, MA. USA, involving reversed osmosis, ion 
exchange and filtration. It was free of iron and copper. Buffers were 
filtered by a Millipore 0.22 pm (pore-size) filter prior to use. Catalase 
was passed through a Sephadex G-100 column to remove superoxide 
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dismutase actiwty, and catalase activity was defined according to [23]. 
All glassware was washed with acid to remove contammating iron and 
other tranSition metals. 
ferritin molecules were resistant to removal by Chelex- 
100. There was no significant fall in the content of fer- 
ritin iron. 
7 ’ A.wuys I.I 
To study the affinity of ferrltm for copper. ferritm dissolved m 10 
mM HEPES buffer at pH 7.0 was passed several times through col- 
umns of Chelex-100. Between each passage. the content of iron. cop- 
per and protem in the sample was determined. New columns were used 
each time. Copper and Iron were determined by atomic absorption 
spectrophotometry. Protein was determined as described in [24] with 
bovme serum albumin as a standard. The molar copper/ferntin ratio 
had a coefficient of variation of S-8% when metal and protein was 
repeatedly determined in the same solution. 
lsoelectrlc focusing of ferrltm was performed using 2117 Multiphor 
II and 2209 Multitemp.. LKB, Sweden. Approximately 0.1 nmol of 
protein was run on an Amphohte PAG plate manufactured by Phar- 
macla LKB Biotechnology, pI range 3.5-9 5. There was no significant 
difference in the isoelectric pattern of ferritin before and after 3 pas- 
sages on Chelex-100 columns. 
Decay of 02’- was studled in a medium wtuch contamed in a volume 
of 3 ml: 50 mM 2-amino-Z-methyl-1-propanol. pH 9.5, 0.35 U/ml of 
catalase and 0.08 PM of ferritm (as protein). The temperature was 
23°C. The decay of O,‘- was monitored m a thermostatlcally con- 
trolled Hewlett-Packard HP 8450A &ode array spectrophotometer as 
described previously [14,253. Briefly. 100 mg of KO, was dissolved m 
12.5 ml of 50 mM NaOH. 15 ~1 was transferred to the reaction medium 
and the dechnmg concentration of Oz.- was monitored as the decrease 
m absorbance (AZ,,,--A,,,). The rate of Oz.- decay was expressed as the 
apparent pseudo-lst-order rate constant, calculated from the decay of 
O,‘- from 16 to 4,uM. as described in [25]. The SOD acti~lty of ferrltin 
was defined as the rate of decay of 01’- which exceeded that of the 
spontaneous dismutatlon [13,25]. 
To control the effectiveness of Chelex-100 to remove 
copper and to get an idea of the affinity of ferritin for 
exogenously added copper, aliquots of a ferritin sample 
which had been treated 3 times on Chelex-100 and thus 
contained about 10 Cu/ferritin, were incubated on ice 
for one hour with CuCl, up to 52.5 mol Cu/mol ferritin. 
Then each sample was passed through a Chelex-100 
column and the copper content was determined before 
and after this passage. As shown in Table I(B), one 
passage on Chelex-100 was sufficient to remove all the 
extra copper. Further, this experiment demonstrated 
that the chelating capacity of Chelex-100 was not a 
limiting step in the attempt to remove all copper from 
native ferritin. 
3. RESULTS 
3.1. Binding of copper to ferritin und upoferritirl 
While no copper could be detected in apoferritin from 
Sigma (Table II(A)), apoferritin from Calbiochem con- 
tained about 6 Cu/molecule. After one passage on 
Chelex-100, 1-2 Cu/molecule remained in the Calbio- 
them apoferritin. and this copper was resistant to 5 
subsequent passages (Table II(C)). When the copper- 
free apoferritin was incubated with CuCl? as described 
above for ferritin, about 2 Cu/molecule were still bound 
after 3 passages on Chelex 100 (Table II(B)). This was 
in contrast to the results obtained with ferritin (Table 
I), where all the extra added copper could be removed 
by one passage on Chelex-100. After having been sub- 
jected to the same procedure. Calbiochem apoferritin 
also contained a final amount of 3 Cu/molecule (Table 
II(D)). 
As shown in Table I(A), about 3/4 of the copper In control experiments, CuCl, added to copper-free 
present in the original solution of native, unfractionated albumin, was removed by one passage on Chelex-100. 
ferritin. was removed by one passage on Chelex-100. In In comparison, ceruloplasmin contained an average of 
the following two passages approximately 5 Cu atoms about 2 Culmolecule which could not be removed by 
were removed per ferritin molecule, while subsequent several passages on Chelex-100. However, extra added 
passages of ferritin on Chelex-100 columns had no sig- copper was completely removed by one subsequent pas- 
nificant effect on its copper content. Thus. 9-10 Cu/ sage on Chelex-100 (data not shown). 
Table I 
Content of copper in native ferritm 
The table shows the mean of duplicate measurements in one out of 2-3 parallel experiments (A) Ferrltm was passed through columns of Chelex-100 
the number of times shown. (B) Ferritm which had been treated 3 times on Chelix-100 (as mdlcated by the arrow), was incubated with CuCIz. The 
ferritin was then passed once again through Chelex-100. 
Number of treatments on Chelex-100: 0 1 2 3 4 5 6 
(mol Cu/mol ferrltin) 
(A) Native ferritin 56.7 147 12.7 9.9 9.8 8.8 8.9 
.L 
J 
(B) Native ferritm after incubation with CuCl, 14.4 10.0 
29.9 97 
41.9 10.1 
52.5 9.9 
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To study if there was any correlation between the 
content of iron and copper in ferritin. we determined the 
Cu/protein ratio in ferritin fractions with a definite iron 
load in the range 20-2550 Fe/ferritin. After 3 passages 
on Chelex- 100, all fractions with iron content above 500 
Fe/molecule contained 14-16 Cufmolecule, while the 
fraction with the lowest iron load (20 Fe/molecule) con- 
tained about half of this amount (Table III). 
3.2. rn~~e~ce of ~err~tin-boned copper on the rate of 
decay of 02*- 
To reveal if the ability of ferritin to catalyze the decay 
of 02’- depended on its content of copper, we examined 
how apoferritin and ferritins with different copper con- 
tent, obtained from the experiments described above, 
altered the rate of decay of O,‘-. There was a clear 
correlation between the amount of copper in native fer- 
ritin and the ferritin-induced OZ.- decay (Fig. 1). How- 
ever, the effect of ferritin was lower than that of equimo- 
lar concentrations of CuCl,. In contrast, apoferritin 
with a certain copper content, had about the same effect 
as the corresponding concentration of CuC12. 
Of the ferritin fractions shown in Table III, the SOD 
activity was about the same in all fractions. However, 
the ratio SOD activity/copper content was about two- 
fold higher in iron-poor ferritin than in iron-rich ferritin 
fractions (Table III, Fig. 1). 
Albumin or ceruloplasmin in the same concentrations 
as ferritin had no detectable SOD activity. Addition of 
CuCl, to albumin or ceruloplasmin had the same effect 
on the O,‘- decay as that obtained with a pure, equimo- 
lar CuCl, solution (data not shown). 
4. DISCUSSION 
4.1. Demonstration of specifically bound copper in fer- 
ritin 
The experimental design of this work diverged from 
that of previous studies of the binding of copper to 
ferritin. While others have studied the affinity by adding 
copper to the ferritin solution 126-281. we studied the 
resistance of native copper against removal by Chelex- 
100 which is a particularly strong copper chelator (291. 
The graded resistance of copper to removal by Chelex- 
100 indicated the possibility of three orders of affinity 
with which copper could be bound to ferritin. The low- 
est affinity was represented by loosely bound copper 
which could be removed by the first treatment of ferritin 
with Chelex-100. This constituted all the exogenous 
copper which was added to ferritin and about 314 of the 
endogenous copper of native ferritin (Table I). We 
reckon that one treatment with Chelex was sufficient to 
chelate contaminating metal ions, and that the copper 
which then was left in ferritin was of biological origin 
and therefore can be designated as specific. However. 
also some of the specifically bound copper was proba- 
bly removed at this stage. The molar ratio of specifically 
bound copper may therefore have been greater in vivo 
than that expressed by the Chelex-resistant fractions 
shown here, which we consider to be a minimum. Little 
is known about the number of specific copper binding 
sites in native ferritin, how copper is bound or released 
from ferritin, its submolecular localization and its func- 
tion. In one of the few reports on this subject, Price and 
Joshi [28] added copper to ferritin and found 2-3 tightly 
Table Ii 
Content of copper in apoferritin 
The table shows the mean of duplicate measurements m one out of 2-3 parallel experiments. (A and C) Apoferritin was passed through columns 
of Chelex-100 the number of times shown. (B and D) Apoferritin which had been treated once on Chelex-100 (as indicated by the arrow), was 
incubated wtth CuC12. The ferritin was then passed again through Chelex-100. 
Number of treatments on Chelex-100: 0 1 3 6 
(mol Culmol ferritin) 
(A) Apoferrttin (Sigma) 0.2 0.0 0.0 
I 
(B) Apoferritin (Sigma) after mcubation with 
CUCI, 
1 
9.1 2.2 
45.0 2.1 
90 0 2.0 
(C) Apoferritin (Calbiochem) 5.6 
A’ 
(D) Apoferritin (Calbrochem) after mcubation 11.4 21 
with CuCl, 
40.6 2.2 
87.4 2.2 
1.3 
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Fig. 1. Rate of Oq- decay in the presence of ferritin and CuCl,. The 
rate of Oz.- decay was calculated as described m SectIon 2 and com- 
pensated for the spontaneous &mutation l . unfractionated native 
ferritm; n . fractionated ferritin with > 500 Fe/ferritin: q . fractionated 
ferritin with 5 20 Fe/ferritin; A. apoferntm: x. CuC12. 
bound copper ions/subunit while 34 copper ionslsub- 
unit were loosely bound. In similar experiments, 
Macara et al. [27] found 2 copper ions/subunit. This 
gives an idea of how much copper that can probably be 
bound to the ferritin molecule. In contrast to these stud- 
ies, our study was not designed to give the true estimate 
of the number of binding sites for copper in ferritin. 
Evidently. our method leads to underestimation of the 
number of copper ions bound to ferritin. However, 
while neither Price and Joshi [28] nor Macara et al. [27] 
found evidence for the presence of copper in the iron 
core, we came to an opposite conclusion. The difference 
is probably related to the open question of how copper 
is incorporated into the iron core. The negative results 
of the two other studies indicate that the experimental 
conditions did not promote fusion of exogenous copper 
ions with the iron core. On the contrary, the results of 
our experiment where copper was removed from ferritin 
step by step until we were left with a stable copper 
fraction with the highest order of affinity (Table I(A)), 
can reasonably be interpreted that there indeed was 
some copper present in the native iron core. 
Between the loosely bound and the firmly bound cop- 
per, there was a smaller fraction with intermediate affin- 
ity which could be removed by three treatments offer- 
ritin with Chelex-100 (Table I(A)). This might be copper 
which was less available to the functional ionic groups 
of the Chelex resin due to an interior localization for 
instance within the protein shell or at the surface of the 
iron core. 
The apparent different orders of affinity could partly 
be explained by differences in the binding strength be- 
tween the copper ions and the binding sites in the pro- 
tein shell, and partly by the accessibility of the func- 
tional ionic groups of the Chelex resins to the copper 
ions, Thus, one would expect that for instance contam- 
inating copper would be more loosely bound than na- 
tive copper specifically bound to the surface of the fer- 
ritin molecule. And copper with the apparently highest 
affinity could be copper which was buried deeply in the 
iron core and therefore could not be touched by the 
chelator. 
More copper was found in ferritin than in apoferritin 
(Tables I(A), II(A), II(C)). and there was more copper 
in iron-rich than in iron-poor ferritin fractions (Table 
III). This supports the suggestion above that there is 
some copper in the native iron core which apparently 
must reach a critical size to attain full copper binding 
capacity. Since unfractionated ferritin was a mixture of 
ferritin molecules which ranged from low to high iron 
content, it had an average copper content between the 
iron-rich and iron-poor fractions. 
Copper-free apoferritin. but not copper-containing 
ferritin. could withhold some of the exogenously added 
copper despite subsequent treatments with Chelex-100 
(Tables I, II). That could mean that the apoferritin had 
vacant high-affinity copper-binding sites. When those 
sites were occupied, extra copper could not be bound 
firmly enough to resist removal by Chelex-100. This 
interpretation was supported by the observation that 
the final copper content in apoferritin, after incubation 
with CuCl, and retreatment with Chelex-100, was the 
same whether or not the apoferritin contained some 
native copper beforehand (Table II(B). (D)). 
We compared ferritin with ceruloplasmin which is a 
well-characterized copper binding protein [30]. As ex- 
pected, copper could not be removed from ceruloplas- 
min by Chelex-100 [31,32]. It is therefore reasonable to 
Table III 
Copper and SOD activity in native, fractionated ferrltm 
Ferritm was fractionated according to Its iron content. Ferritm Iron. 
copper and the ratio SOD activity/copper content was determined 
The table shows the mean of duplicate measurements in one out of two 
parallel experiments. 
Ferntin iron Ferritm copper 
(mol/mol) (mol/mol) 
SOD 10’ x SOD ac- 
actlvltyd tlvitykopper 
content 
Before After 3 x 
Chelex Chelew 
20 34.4 7.8 0.32 
560 39.3 14.8 0.31 
1440 39 6 14.2 0.33 
2550 312 15.7 0.30 
“After 3 x Chelex, calculated as described in section 2. 
41 
21 
23 
19 
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infer that ferritin is able to bind at least some copper 
with the same high affinity as ceruloplasmin. 
At this point we conclude that horse spleen 
(apo)ferritin evidently contains specifically bound cop- 
per of native origin. 
4.2. Copper and the SOD activity of ferritin 
The ability of native, unfractionated ferritin to stimu- 
late the decay of O,‘- depended on its copper content 
(Fig. 1). Copper deficient apoferritin had no SOD activ- 
ity. This demonstrated the importance of copper for the 
catalytic effect. On the other hand, since we did not 
succeed in removing all copper from ferritin, we could 
not test if copper was absolutely necessary for the SOD 
activity of ferritin, or if iron might have some catalytic 
effect of its own. On an equimolar basis, copper bound 
to ferritin was less effective than CuCl? to stimulate the 
decay of O,‘-, while copper bound to apoferritin was 
almost as effective as CuCl, (Fig. 1). Iron-poor ferritin 
had a higher ratio SOD activity/copper content than 
ferritin with more iron (Table III). This indicated that 
the size of the iron core had a negative influence on the 
capacity of copper to react with O,‘-. One possibility 
was that some of the copper was made kinetically inert 
as the iron core grew and passed a critical size. When 
we compared the activity of native, unfractionated fer- 
ritin with the activity of pure CuCl,, it appeared that 
about 0.6 ,uM of the copper in ferritin was non-reactive 
with respect to stimulation of the 02’- decay (Fig. 1). 
We suggest that this was copper which was buried 
deeply in the iron core, protected from Chelex-100 and 
inaccessible to O,‘-. This explains the connection be- 
tween the size of the iron core which influences the 
content of copper in the ferritin molecule as discussed 
above, and its apparent inhibiting effect on the catalytic 
activity of ferritin. The copper ions which evidently 
were responsible for the catalytic effect, had to be local- 
ized at sites which were accessible to OZ.-, i.e. in the 
protein shell or at the surface of the iron core. 
We conclude that the ability of horse spleen ferritin 
to catalyze the decay of O,‘- [13] depends on native 
copper situated in the ferritin molecule. This new insight 
may explain the diverging results reported in the litera- 
ture for the bimolecular rate constant between ferritin 
and O,‘-, as this point was not considered in those 
studies [13,33]. Our results may extend the ideas offer- 
ritin as an antioxidant. Of special interest is the well- 
known, but so far unexplained, rapid increase of iron- 
poor ferritin in plasma in inflammatory conditions (‘the 
acute phase response’), when the tissues are exposed to 
increased oxidative stress [34,35]. 
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